Background: Lipolysis of cardiac triacylglycerol stores requires the concerted action of lipases and accessory proteins. Results: Overexpression and knock-out of G 0 /G 1 switch gene 2 affects cardiac lipolysis and alters cardiac triacylglycerol levels. Conclusion: G 0 /G 1 switch gene 2 is a regulator of cardiac lipolysis affecting substrate utilization in cardiomyocytes. Significance: G 0 /G 1 switch gene 2 participates in cardiac energy homeostasis.
The anabolism and catabolism of myocardial triacylglycerol (TAG) stores are important processes for normal cardiac function. TAG synthesis detoxifies and stockpiles fatty acids to prevent lipotoxicity, whereas TAG hydrolysis (lipolysis) remobilizes fatty acids from endogenous storage pools as energy substrates, signaling molecules, or precursors for complex lipids. This study focused on the role of G 0 /G 1 switch 2 (G0S2) protein, which was previously shown to inhibit the principal TAG hydrolase adipose triglyceride lipase (ATGL), in the regulation of cardiac lipolysis. Using wild-type and mutant mice, we show the following: (i) G0S2 is expressed in the heart and regulated by the nutritional status with highest expression levels after re-feeding. (ii) Cardiac-specific overexpression of G0S2 inhibits cardiac lipolysis by direct protein-protein interaction with ATGL. This leads to severe cardiac steatosis. The steatotic hearts caused by G0S2 overexpression are less prone to fibrotic remodeling or cardiac dysfunction than hearts with a lipolytic defect due to ATGL deficiency. (iii) Conversely to the phenotype of transgenic mice, G0S2 deficiency results in a de-repression of cardiac lipolysis and decreased cardiac TAG content. We conclude that G0S2 acts as a potent ATGL inhibitor in the heart modulating cardiac substrate utilization by regulating cardiac lipolysis.
The mammalian heart depends on a continuous energy supply for contraction. To guarantee unceasing provision of fuel upon rapidly changing metabolic situations, the heart utilizes multiple carbon sources for ATP production (1, 2) . Despite this high metabolic flexibility, the healthy adult heart derives most of its energy from mitochondrial oxidation of fatty acids (FAs), 3 which accounts for 50 -70% of cardiac energy supply (2, 3) . The heart receives exogenous FAs either from circulating triacylglycerol (TAG)-rich lipoproteins, which are hydrolyzed by lipoprotein lipase at the vascular endothelium, or as albuminbound "free" FAs (4) . Within cardiomyocytes, FAs become activated by coenzyme-A linkage and are subsequently either oxidized or esterified to TAG for transient storage in cytoplasmic lipid droplets (5, 6) . The cardiac TAG pool is highly dynamic, and expands or decreases in response to FA delivery or utilization. Accordingly, it represents an important "cell-autonomous" endogenous source of FA supply (3, 7, 8) . In addition to its function as energy store, the cardiac TAG pool also serves as transient "buffer" to prevent FA-induced lipotoxicity (9, 10) . Cardiac lipotoxicity leading to impaired cardiac function is commonly observed in patients with diabetes, obesity, or neutral lipid storage disease (11) (12) (13) .
The mobilization of FAs from stored TAGs requires the action of cytosolic lipases. Adipose triglyceride lipase (ATGL) initiates the intracellular catabolism of TAGs by selective hydrolysis of the first ester bond (14, 15) . In humans, loss-offunction mutations in the gene coding for ATGL (PNPLA2, MIM*609059) cause a rare genetic disorder called neutral lipid storage disease with myopathy (NLSDM, MIM#610717) (16) . Although the clinical manifestation of the disease is highly variable, many patients with NLSDM exhibit severe cardiac steatosis and heart dysfunction that can be lethal if they do not undergo heart transplantation (13, 17, 18) . Many features of the NLSDM phenotype have been recapitulated in Atgl Ϫ/Ϫ mice. As in humans, the most drastic consequence of ATGL deficiency in mice again concerns a severe cardiomyopathy that results in premature death of Atgl Ϫ/Ϫ mice around 12 weeks after birth (15) . The lethal cardiomyopathy is characterized by a metabolic and structural remodeling of the myocardium and defective peroxisome proliferator-activated receptor ␣ (PPAR␣) signaling leading to impaired mitochondrial and respiratory function (15, 19, 20) . Thus, efficient cardiac TAG catabolism is an important metabolic requirement for normal cardiac metabolism and function.
ATGL action is regulated by effector proteins that directly interact with the enzyme and either stimulate or inhibit its enzymatic activity. Comparative gene identification 58 (CGI-58) increases ATGL activity and is essential for efficient TAG turnover in the heart (21) (22) (23) . Muscle-specific loss of CGI-58 in mice results in cardiac steatosis and cardiomyopathy similar to that observed upon cardiac-specific ATGL deficiency (23) . Conversely, G 0 /G 1 switch 2 (G0S2) protein inhibits the TAG hydrolase activity of ATGL (24) . G0S2 was initially identified in mononuclear blood cells as a gene whose expression was induced during the G 0 /G 1 transition of the cell cycle (25) . Further studies implicated G0S2 in the regulation of apoptosis, cell cycle control, and oxidative phosphorylation in different cellular settings (26 -28) . Liu and colleagues (24, 29, 30) demonstrated that G0S2 potently inhibits ATGL in vitro and in vivo, thereby regulating lipolysis in adipose tissue and the liver. Hence, G0S2 may act as a multifunctional protein with the capability to coordinate TAG hydrolysis with other cellular processes. Considering the crucial role of lipolysis for cardiac performance, we studied the functional role of G0S2 in cardiac lipid metabolism by characterizing mutant mice that overexpress G0S2 specifically in the heart or globally lack G0S2. We identified G0S2 as a crucial actor in cardiac lipolysis regulating cardiac TAG content. The specific induction of G0S2 in the heart during the postprandial phase with a concurrent inhibition of TAG catabolism supports the concept that G0S2 is involved in the regulation of cardiac substrate utilization.
Experimental Procedures
Ethics-Maintenance, handling, and mouse experiments were approved by the Ethics Committee of the University of Graz and the Austrian Federal Ministry of Science, Research and Economy.
Animals-Mice with cardiac-specific overexpression of murine G0S2 (G0s2Tg) were generated using the ␣-MyHC promoter kindly provided by Jeffrey Robbins (Cincinnati, OH). A DNA fragment containing the coding sequence and the 3Ј-UTR of the G0s2 gene was amplified from genomic C57BL/6J mouse DNA using the forward primer 5Ј-ACA GGT CGA CAG AAT TCA TGG AAA GTG TGC AGG AGC TG-3Ј and the reverse primer 5Ј-ACG CGT CGA CGA GTA TAA AAG GTT TTT ATT TCA AAA TGC-3Ј. The fragment was ligated downstream of the ␣-MyHC promotor into a pBluescript II SK (ϩ) vector using a SalI restriction site. Transgenic mice were generated following a similar strategy as described previously (31) . Founders derived from a C57BL/6J ϫ CBA/J F1 background were backcrossed at least eight times with C57BL/6J prior to further analyses (i.e. Ͼ99% C57BL/6J background).
Mice globally lacking G0S2 (G0s2 Ϫ/Ϫ ) were generated by targeted disruption of both exons of the G0s2 gene. Therefore, a 2.1-kb DNA fragment encompassing the complete G0s2  genomic sequence was amplified by PCR from genomic murine  HM-1 embryonic stem cell DNA using the forward primer  5Ј-TCA AGC TTC TAG GCA AGC ACT CCA CCA C-3Ј and  the reverse primer 5Ј-GGA CTA GTT TGT GTG AGT AGA  ACT GTC TTG TGC-3Ј. The PCR product was digested with HindIII and SpeI and ligated into a pBK-CMV plasmid harboring a neomycin resistance gene cassette flanked by loxP recombination sites. The resulting plasmid was digested with XbaI and SpeI and the DNA fragment encompassing the selection cassette, and the G0s2 genomic sequence was ligated upstream of a single loxP site into a pBluescript KS (Ϫ) vector. Next, a 2.2-kb DNA fragment upstream of the G0s2 genomic sequence was amplified using the forward primer 5Ј-AGC CTG TCT GGT AGA ATT GGT G-3Ј and the reverse primer 5Ј-GCT CTA GAT GGA GTG CTT GCC TAG TAT GTG-3Ј, and ligated into a pBluescript KS (Ϫ) vector upstream of a floxed neomycin cassette using the XbaI restriction site. Finally, a 4.0-kb DNA fragment downstream of the G0s2 genomic sequence was amplified using the forward primer 5Ј-TTG ATA TCG GCA CAA GAC AGT TCT ACT CAC AC-3Ј and the reverse primer 5Ј-CCA TCG ATA CAA GCA GTG TGC CTC TGA AG-3Ј, and was ligated into the pBluescript KS (Ϫ) vector downstream of the single loxP site next to the G0s2 genomic sequence using EcoRV and ClaI. From the resulting plasmid, a 9.5-kb fragment encompassing the G0s2 gene targeting construct was released by digesting with NotI and ClaI, and was ligated into a pUC plasmid harboring two DtA gene cassettes. The vector was linearized by restriction digest with SalI and introduced into HM-1 embryonic stem cells by electroporation. Geneticin (G418)-resistant clones were picked and expanded. Cell clones that underwent homologous recombination were identified by PCR. For Cre-mediated recombination of the loxP sites, ES cell clones were electroporated as described above with pCre-Pac plasmid DNA and cultivated in the presence of 1.5 g/ml puromycin (Clontech) for 36 h. To identify ES cells harboring the knock-out allele, cells were tested for G418 sensitivity and screened by PCR using specific primer sets. ES cells heterozygous for the knock-out allele were injected into 3.5-day-old C57BL/6J blastocysts, which were transferred into pseudopregnant recipient mice. Offspring with a high degree of coat color chimerism were bred with C57BL/6J mice, and germline transmission of the targeted allele was verified by coat color and PCR using specific primers. Heterozygous mice were backcrossed at least five times with C57BL/6J (i.e. 96.9% C57BL/6J background) prior to any further analysis.
Mice were bred and maintained at regular housing temperatures and a 12-h light/12-h dark cycle. Animals had ad libitum access to water and chow diet (4.5% fat, 34% starch, 5.0% sugar, and 22.0% protein; ssniff Spezialdiäten GmbH, Soest, Germany) unless otherwise indicated. Animals were anesthetized with isoflurane (IsoFlo, Abbott, Abbott Park, IL) and euthanized by cervical dislocation.
RNA Extraction and Northern Blotting Analysis-Animal tissues were surgically removed and snap-frozen in liquid nitrogen. RNA was extracted using the TRIzol reagent (Invitrogen TM , Life Technologies), and Northern blotting analysis was performed as described previously using DNA probes covering the coding sequence of the G0s2 and the Atgl gene, respectively (22) .
Analysis of mRNA Expression by RT-qPCR-RT-qPCR was performed as described previously using the StepOnePlus TM real-time PCR system (Applied Biosystems, Life Technologies) and the Maxima TM SYBR Green/ROX PCR reaction mix (Thermo Scientific Fermentas) (23) .
The following primer pairs were used: ␤-actin forward 5Ј-AGC CAT GTA CGT AGC CAT CCA-3Ј, ␤-actin reverse 5Ј-TCT CCG GAG TCC ATC ACA ATG-3Ј; Uxt forward 5Ј-CTC ACA GAG CTC AGC GAC AGC-3Ј, Uxt reverse 5Ј-AAA TTC TGC AGG CCT TGT AGT TCT C-3Ј; Col1a1 forward 5Ј-CCG GCT CCT GCT CCT CCTA-3Ј, Col1a1 reverse 5Ј-CCA TTG TGT ATG CAG CTG ACT TC-3Ј; Col3a1 forward 5Ј-CTG TAA CAT GGA AAC TGG GGA AA-3Ј, Col3a1 reverse 5Ј-CCA TAG CTG AAC TGA AAA CCA CC-3Ј; Myh7 forward 5Ј-GAT GTT TTT GTG CCC GAT GA-3Ј, Myh7 reverse; 5Ј-TGT CGA ACT TGG GTG GGT T-3Ј; Nppb forward 5Ј-GCT GCT TTG GGC ACA AGA TAG-3Ј, Nppb reverse 5Ј-GCA GCC AGG AGG TCT TCC TA-3Ј;
G0s2 forward 5Ј-TAG TGA AGC TAT ACG TGC TGG GC-3Ј, G0s2 reverse 5Ј-GGC TGG CGG CTG TGA AAG GGT-3Ј; Ppara forward 5Ј-GTACCACTACGGAGTTCACGCAT-3Ј, Ppara reverse 5Ј-CGC CGA AAG AAG CCC TTA C-3Ј; Ppargc1a forward 5Ј-CCC TGC CAT TGT TAA GAC C-3Ј, Ppargc1a reverse 5Ј-TGC TGC TGT TCC TGT TTT C-3Ј; Acadm forward 5Ј-GCA ACT GCC CGC AAG TTT-3Ј, Acadm reverse 5Ј-TAC TCC CCG CTT TTG TCA TAT TC-3Ј; Acadl forward 5Ј-GGC AAA ATA CTG GGC ATC TGA-3Ј, Acadl reverse 5Ј-CTC CGT GGA GTT GCA CAC AT-3Ј; Cpt1b forward 5Ј-CGA GGA TTC TCT GGA ACT GC-3Ј, Cpt1b reverse 5Ј-GGT CGC TTC TTC AAG GTC TG-3Ј; Aox1 forward 5Ј-AGA TTG GTA GAA ATT GCT GCA AAA-3Ј, Aox1 reverse 5Ј-ACG CCA CTT CCT TGC TCT TC-3Ј; Pdk4 forward 5Ј-ATC TAA CAT CGC CAG AAT TAA ACC-3Ј, Pdk4 reverse 5Ј-GGA ACG TAC ACA ATG TGG ATT G-3Ј. Relative mRNA levels were quantified according to the ⌬⌬Ct method using ␤-actin or ubiquitously expressed transcript (Uxt) as references.
Immunoblotting Analysis-Tissues were homogenized in a 40 mmol/liter HEPES buffer, pH 7.8, containing 1% Nonidet P-40, 120 mmol/liter NaCl, 1 mmol/liter EDTA, and protease inhibitor cocktail (Complete EDTA-free, Roche Diagnostics, Rotkreuz, Switzerland) using an Ultra-Turrax tissue homogenizer (IKA, Staufen, Germany), and centrifuged at 1,000 ϫ g for 10 min to remove cell debris. SDS-PAGE and immunoblotting analyses were performed as described previously (22) . Proteins were identified by the following primary antibodies: rabbit anti-G0S2 (kind gift of Sander Kersten, Wageningen University, The Netherlands), rabbit anti-HSL (4107, Cell Signaling, Beverly, MA), rabbit anti-ATGL (2138, Cell Signaling), rabbit anti-MGL (raised against purified MGL), mouse anti-␤-tubulin (E7, Developmental Studies Hybridoma Bank (DSHB), Iowa City, IA), mouse anti-CGI-58/ABHD5 (H00051099-M01, Abnova, Heidelberg, Germany), mouse anti-␤-actin (sc-47778, Santa Cruz, Santa Cruz, CA), mouse anti-Ran GTPase (610340; BD Biosciences), and mouse anti-His (27-4710-01, GE Healthcare, Buckinghamshire, UK). The following secondary antibodies were used: HRP-linked sheep anti-mouse IgG (NA931, GE Healthcare), HRP-linked goat anti-rabbit IgG (PI-1000, Vector Laboratories, Burlingame, CA), and HRP-linked rabbit True-Blot mouse anti-rabbit IgG (18-8816, eBioscience, San Diego, CA). The Pierce TM ECL 2 reagent (Thermo Fisher Scientific) and Amersham Biosciences Hyperfilm TM ECL light-sensitive films (Amersham Biosciences, GE Healthcare) were used for detection according to the manufacturer's instructions.
Co-immunoprecipitation-Heart samples were homogenized in 1 ml of 40 mmol/liter HEPES buffer, pH 7.8, containing 1% Nonidet P-40, 120 mmol/liter NaCl, 1 mmol/liter EDTA, and protease inhibitor cocktail (Complete EDTA-free, Roche Diagnostics) using an Ultra-Turrax tissue homogenizer (IKA). Cell debris was removed by centrifugation at 13,000 ϫ g for 1 min, and the infranatant was collected. 8 l rabbit anti-ATGL antibody (2138, Cell Signaling) or 15 l rabbit anti-G0S2 antibody (provided by Sander Kersten) were mixed with 500 l tissue homogenate and incubated for 2 h at 4°C on a rotating wheel. Immunoprecipitation was performed by incubating the infranatants with 25 l of PureProteome TM G-protein coupled magnetic beads (Merck Millipore, Darmstadt, Germany) for 1 h on a rotating wheel. The beads were washed three times with 500 l of 40 mmol/liter HEPES buffer, pH 7.8, containing 1% Nonidet P-40, 120 mmol/liter NaCl, and 1 mmol/liter EDTA to remove nonspecifically bound proteins. Immunoprecipitates were recovered by incubating the beads for 5 min at 99°C with a denaturating SDS sample buffer and subjected to SDS-PAGE and immunoblotting as described above. A HRP-coupled rabbit TrueBlot anti-rabbit IgG antibody was used to minimize detection of immunoglobulin heavy and light chains.
Lipid Analysis-Total acylglycerol content was determined in crude heart homogenates using a commercially available kit (Infinity TM triglycerides kit, Thermo Fisher Scientific). For the specific determination of TAG levels, total lipids were extracted by the method of Folch et al. (32) . After extraction, protein pellets were dried and dissolved in 0.3 mol/liter NaOH containing 0.1% SDS, and the protein content was determined using the Pierce TM BCA protein assay kit (Thermo Fisher Scientific) according to the manufacturer's instructions with bovine serum albumin as standard. Aliquots of the lipid extracts were analyzed by HPLC using an Agilent HP 1100 HPLC system (Agilent Technologies, Santa Clara, CA) equipped with a BETASIL Diol-100 column (150 Purification of Recombinant CGI-58 -Recombinant murine CGI-58 was expressed in Escherichia coli and purified as described previously (33) .
TAG Hydrolase Assay-Tissue samples were homogenized in 0.25 mol/liter sucrose containing 1 mmol/liter EDTA, 20 mg/liter leupeptin, 2 mg/liter antipain, and 1 mg/liter pepstatin using a Dounce homogenizer, and TAG hydrolase activity was measured as described previously (34) .
Cultivation and Infection of H9c2 Cells-Adenovirus expressing murine G0S2 or ␤-galactosidase (LZ), respectively, was prepared as described previously (34) . H9c2 cells were maintained in DMEM containing 4.5 g/liter glucose (Invitrogen TM , Life Technologies), 10% FBS, 100 IU/liter penicillin, and 0.1 mg/liter streptomycin. Cells were differentiated with DMEM containing 1% FBS, antibiotics, and 10 nmol/liter retinoic acid for 8 days. Cells were infected with adenovirus at a multiplicity of infection of 1000. 24 h later, infected cells were used for further experiments.
Measurement of Lipid Turnover in H9c2 Cells-Cells were incubated for 16 h in medium containing 400 mol/liter oleic acid complexed to bovine serum albumin. 3 H-labeled oleic acid (Moravek Biochemicals, Brea, CA) was added to yield a final specific activity of ϳ0.25 mCi/mmol FA. Atglistatin (kindly provided by Rolf Breinbauer, Technical University Graz) was dissolved in DMSO and added to the incubation medium to yield a final concentration of 40 mol/liter (35) . Cellular lipids were extracted with hexane/isopropanol (3:2, v/v) and separated by thin layer chromatography using Silica G and hexane/ diethylether/acetic acid (70:30:1, v/v/v) as solvent system. To monitor the release of FA into the cell culture medium, cells were pre-labeled for 16 h and switched to DMEM containing 2% bovine serum albumin (essentially fatty acid-free, Sigma-Aldrich). Aliquots of the medium were withdrawn, and lipids were extracted by the method of Folch et al. (32) and separated by thin layer chromatography as described above. FA and TAG were identified by co-migrating standards, and the associated radioactivity was determined by liquid scintillation counting.
Histology-Sudan III staining, H&E staining, and Sirius Red staining of tissue sections were performed as described previously (36) .
Echocardiography-Transthoracic echocardiography was performed in 16 -20-week-old male mice that were mildly anesthetized with 0.75% isoflurane as described previously (19) .
Statistical Analysis-Results are expressed as means Ϯ S.D. Comparisons between groups were made by unpaired twotailed Student's t test. p values of less than 0.05 were considered statistically significant.
Results

Cardiac G0S2 Expression Is Dynamically Regulated by the
Feeding Status-Previous studies showed that G0S2 expression is high in liver and adipose tissue and tightly regulated by the feeding status (24, 29, 37) . To compare the expression and regulation of cardiac G0S2 with that of other tissues, we first performed Northern blotting analysis of samples obtained from ad libitum fed or fasted C57BL/6J mice. In the ad libitum fed state, G0s2 mRNA expression was highest in white adipose tissue (WAT) and brown adipose tissue (BAT), intermediate in liver, skeletal muscle, heart, lung, and tongue, and low in all other tissues examined (Fig. 1A) . Overnight fasting resulted in a marked induction of hepatic G0s2 mRNA expression as compared with the ad libitum fed state (Fig. 1B) . Conversely, G0s2 mRNA expression in WAT decreased upon fasting, suggesting contrary regulation of G0S2 expression in liver and WAT. Cardiac G0s2 mRNA levels also decreased upon fasting, indicating a similar nutritional response as in WAT. Next, we determined the expression of cardiac G0S2 during the fasting/re-feeding transition. Re-feeding for 4 and 8 h resulted in a marked induction of cardiac G0S2 mRNA and protein expression as compared with the fasted state (Fig. 1C ). G0S2 expression levels after re-feeding were much higher than in the ad libitum fed state, indicating a transient peak of G0S2 expression soon after food ingestion. In contrast, ATGL mRNA and protein expression declined during the transition from the fasted to the ad libitum fed state. Thus, food ingestion suppresses the lipolytic system in cardiomyocytes by decreasing ATGL expression and transiently increasing G0S2 expression.
Heart-specific Overexpression of G0S2 Leads to Severe Cardiac Steatosis-To investigate the consequences of increased G0S2 expression on cardiac TAG metabolism, we generated transgenic mice that overexpress G0S2 under the control of the ␣-MyHC promoter specifically in cardiac muscle (G0s2Tg; Fig.  2A ). Northern blotting analysis confirmed a strong overexpres- sion of G0s2 mRNA in cardiac muscle of G0s2Tg as compared with WT mice (Fig. 2B) . Expectedly, mRNA concentrations of G0s2 in WAT, BAT, skeletal muscle, liver, spleen, kidney, and brain were similar in WT and G0s2Tg mice, indicating that transgene expression was restricted to cardiac muscle. Quantification of G0s2 mRNA levels by RT-qPCR revealed an ϳ40fold increase of transcript concentration in cardiac muscle of G0s2Tg over WT mice (Fig. 2C ). To exclude potential transgene integration effects, two independent founder lines, termed Tg58 and Tg03, were established. Both transgenic lines showed a similar degree of G0S2 overexpression at the mRNA (Fig. 2D ) and protein level ( Fig. 2E) .
Hearts of both founder lines exhibited a profoundly altered morphology as compared with WT animals featuring increased size and a yellowish color (Fig. 3A) . Moreover, G0s2Tg heart sections exhibited an increase in Sudan III-positive vacuoles, indicating an excessive deposition of neutral lipids (Fig. 3A) . Upon quantification, total cardiac acylglycerol content of Tg58 and Tg03 mice was 21-and 22-fold higher than in WT mice (Fig. 3B ). Cardiac steatosis in G0s2Tg mice was associated with significantly increased cardiac weight (Fig. 3C) .
Heart-specific Overexpression of G0S2 Interferes with Cardiac Lipolysis-The cardiac steatosis observed in G0s2Tg mice resembled the cardiac phenotype of ATGL-or CGI-58-deficient mice (15, 23) . Therefore, we assessed whether overexpression of G0S2 affects cardiac lipolysis. ATGL and CGI-58 protein concentrations were higher in G0s2Tg than in WT hearts, whereas hormone-sensitive lipase (HSL) and monoacylglycerol lipase (MGL) were similarly expressed in both genotypes (Fig.  4A ). Despite increased lipase expression, TAG hydrolase activ-ities were 35% lower in G0s2Tg than in WT heart lysates. The addition of purified CGI-58, which specifically stimulates ATGL activity, increased the TAG hydrolase activity in WT heart lysates in a dose-dependent manner up to 40% but failed to increase the TAG hydrolase activity in G0s2Tg heart homogenates ( Fig. 4B ). To confirm that G0S2 directly interacts with ATGL, co-immunoprecipitation experiments were performed. As shown in Fig. 4C , G0S2 was co-immunoprecipitated from G0s2Tg heart homogenates with an antibody against ATGL. Similarly, ATGL was co-immunoprecipitated from the same sample with an antibody against G0S2 arguing for a direct interaction between ATGL and G0S2 in G0s2Tg hearts.
To further establish the impact of G0S2 on TAG turnover in myocytes, we overexpressed G0S2 in H9c2 cells by adenoviral gene transfer (Ad-G0S2). After infection, cells were loaded with FAs, and TAG turnover was monitored using radioactive tracers. Overexpression of G0S2 in Ad-G0S2 cells (Fig. 4D ) decreased FA release into the medium by ϳ50% as compared with LZ-infected control cells (Fig. 4E ). This defect in TAG hydrolysis was associated with a 3-fold increase in intracellular TAG levels (Fig. 4F) . A similar increase in cellular TAG was observed when H9c2 cells were incubated with the ATGL-specific inhibitor Atglistatin (35) , whereas incubation of G0S2-infected H9c2 cells with Atglistatin did not result in an additive increase of cellular TAG content (Fig. 4F) . Thus, overexpression of G0S2 in cardiomyocytes elevates TAG levels by specifically inhibiting ATGL-catalyzed hydrolysis of TAG.
Comparison of the Myocardial Phenotype of G0s2Tg and Atgl Ϫ/Ϫ Mice-Previous studies suggested that defective cardiac lipolysis in ATGL-deficient mice results in a fibrotic and inflammatory remodeling of the myocardium, ultimately leading to cardiomyopathy (15, 20) . To elucidate whether inhibition of ATGL by G0S2 results in a similar cardiac phenotype, we compared various cardiac parameters of the two mouse lines. ATGL deficiency caused a 2.6-fold higher cardiac TAG mass as compared with inhibition of ATGL by G0S2 in G0s2Tg mice (Fig. 5A) . The myocardial structure was also different. Atgl Ϫ/Ϫ hearts exhibited a dramatic vacuolization of the myocardium, which was more pronounced than in G0s2Tg and WT mice (Fig. 5B) . Moreover, Sirius Red staining of heart tissue sections revealed severe interstitial cardiac fibrosis in Atgl Ϫ/Ϫ mice that was not observed in age-matched G0s2Tg or WT animals. In line with these observations, mRNA expression of collagen type I (Col1a1), collagen type III (Col3a1), and transforming growth factor ␤ (Tgf-␤) were 10-, 11.3-, and 2.1-fold, respectively, higher in Atgl Ϫ/Ϫ than in WT hearts (Fig. 5C ). Transcript levels of these genes were similar in G0s2Tg and WT mice. Furthermore, Atgl Ϫ/Ϫ hearts exhibited increased mRNA levels of genes commonly associated with hypertrophy and inflammation, such as brain natriuretic peptide (Nppb; 9.6-fold), ␤-myosin heavy chain (Myh7; 6.1-fold), monocyte chemoattractant protein-1 (Mcp-1; 13.6-fold), and tumor necrosis factor-␣ (Tnf-␣; 4.3-fold). G0s2Tg hearts exhibited only a moderate (2-fold) increase in Myh7 mRNA and unchanged levels of Nppb, Mcp-1, and Tnf-␣ in comparison with WT mice (Fig. 5C ). Marked differences between Atgl Ϫ/Ϫ and G0s2Tg were also observed in the expression of genes involved in substrate oxidation. Atgl Ϫ/Ϫ mice exhibited significantly decreased cardiac mRNA levels of Ppara (50%), Ppargc1a (55%), Acadm (51%), Acadl (35%), and Pdk4 (44%), and moderately decreased mRNA levels of Cpt1b (30%, not significant) and Aox1 (16%, not significant) as compared with WT. In contrast, mRNA levels of these genes were not significantly altered in G0s2Tg as compared with WT hearts (Fig. 5D ). In addition, we directly assessed cardiac function by transthoracic echocardiography of G0S2Tg and WT hearts. G0S2Tg hearts exhibited a thickening of the left ventricular posterior wall and the left ventricular septum as compared with WT hearts, resulting in an increased left ventricular massto-body weight ratio (Table 1) . However, left ventricular fractional shortening, which was previously shown to be markedly decreased in Atgl Ϫ/Ϫ mice (15), was similar in G0s2Tg and WT mice (Table 1) . Thus, G0s2Tg mice are less prone to patholog-ical remodeling and functional deterioration of the myocardium than mice lacking ATGL.
Loss of G0S2 Affects Cardiac TAG Levels-To elucidate physiological consequences of G0S2 deficiency on cardiac TAG metabolism, we also generated mice lacking G0S2 using the Cre/loxP system (Fig. 6A ). Our targeting strategy resulted in the loss of G0S2 mRNA and protein in all tissues examined including the heart (Fig. 6, B and C) . Histological analyses of cardiac sections indicated that the loss of G0S2 did not affect cardiac structure (Fig. 7A) . Moreover, G0s2 Ϫ/Ϫ hearts showed no signs of tissue damage or fibrosis. However, cardiac TAG content in the fasted and re-fed period was decreased by 37% and 56%, respectively, in G0s2 Ϫ/Ϫ as compared with WT mice, indicating that loss of G0S2 reduces cardiac TAG levels by an induction of lipolysis (Fig. 7B) . Indeed, tissue TAG hydrolase activity was 40% higher in G0s2 Ϫ/Ϫ heart homogenates as compared with WT. The addition of recombinant CGI-58 stimulated TAG hydrolase activity in G0s2 Ϫ/Ϫ heart homogenates to a greater extent than in WT, resulting in a 60% higher activity in G0s2 Ϫ/Ϫ as compared with WT hearts (Fig. 7C) . Cardiac mRNA levels of Ppara, Ppargc1a, Acadm, Acadl, Cpt1b, Aox1, and Pdk4 were similar in G0s2 Ϫ/Ϫ and WT mice in the overnight fasted (Fig. 7D ) or re-fed state (not shown), indicating that the increased TAG hydrolase activity in G0s2 Ϫ/Ϫ hearts did not markedly affect the expression of genes involved in substrate oxidation. Immunoblotting analyses revealed that protein levels of ATGL, HSL, MGL, and CGI-58 were similar in the hearts of G0s2 Ϫ/Ϫ and WT mice (Fig. 7E) . Taken together, these data show that the loss of G0S2 causes a de-repression of cardiac . Effects of G0S2 overexpression on cardiac lipolysis. A, immunoblotting analysis of ATGL, HSL, MGL, and CGI-58 protein levels in hearts obtained from WT and G0s2Tg mice. ␤-Tubulin was used as loading control. B, TAG hydrolase activities of heart homogenates obtained from 16-week-old male WT and G0s2Tg mice (n ϭ 3). Protein samples were mixed with increasing amounts of purified recombinant CGI-58 and incubated with a 3 H-labeled TAG substrate. C, co-immunoprecipitation of ATGL and G0S2 in G0s2Tg hearts. ATGL and G0S2 were immunoprecipitated (IP) using specific antibodies and detected by immunoblotting. Rabbit immunoglobulin was used as a negative control. D, overexpression of G0S2 in H9c2 myocytes. Cells were infected with an adenovirus encoding for His 6 (6xHis)-tagged G0S2 (Ad-G0S2) or ␤-galactosidase (Ad-LZ). G0S2 was detected by immunoblotting using an antibody against the N-terminal His 6 tag. E and F, the release of 3 H-labeled FAs into the medium (E) and the incorporation of 3 H-labeled FAs into intracellular TAG (F) were monitored after infecting cells with Ad-G0S2 or Ad-LZ using [ 3 H]oleic acid as tracer (n ϭ 3). Cells were treated with either DMSO or 40 M Atglistatin. Lipids were extracted with organic solvents and separated by thin-layer chromatography, and radioactivity was quantified by liquid scintillation counting. Data are presented as mean Ϯ S.D. Statistical significance was determined using Student's unpaired t test. *, p Ͻ 0.05. lipolysis at the enzyme activity level, thereby lowering cardiac TAG content.
Discussion
The myocardial TAG pool is a dynamic, short-term FA store preventing lipotoxicity at times when FAs delivery to the heart exceeds FA oxidation rates. Conversely, it can provide FAs as energy substrates when exogenous FA supply diminishes (3, 7, 8) . As a consequence, imbalanced cardiac TAG metabolism is expected to impact both cardiac energy metabolism and cardiac performance. Transgenic mouse models overexpressing or lacking members of the lipolytic machinery in cardiomyocytes exhibit severe phenotypes. For example, deficiency of ATGL or its co-activator CGI-58 results in dramatic alterations in cardiac TAG homeostasis and cardiac performance, providing compelling evidence that cardiac lipolysis is essential for normal heart function (15, 20, 23) .
G0S2 has been shown to inhibit ATGL-mediated lipolysis in liver and adipose tissue (24, 29) . However, its role in cardiac TAG metabolism remained elusive. Here we show that cardiac muscle expresses considerable amounts of G0S2 and that cardiac G0S2 expression is under tight nutritional control. G0S2 mRNA and protein levels are lower in fasted than in ad libitum fed mice. This nutritional response in cardiac muscle resembles G0S2 expression in adipose tissue. Conversely, hepatic G0s2 mRNA levels increase upon fasting, indicating opposing feeding/fasting regulation of lipolysis in hepatic and non-hepatic tissues. Notably, cardiac G0S2 expression peaks between 4 and 8 h after re-feeding, greatly exceeding the levels observed in ad libitum fed and fasted conditions. The regulatory mechanism underlying G0S2 induction during re-feeding remains to be elucidated, but it seems plausible that elevated plasma insulin or glucose concentrations contribute to this response. Insulin has previously been shown to potently induce G0s2 expression in adipocytes, and the G0s2 promoter contains a carbohydrate response element known to mediate the effect of glucose on G0s2 expression (24, 38) . However, most of these studies on the regulation of G0s2 expression were performed in vitro and require in vivo confirmation. Taken together, the expression profile of cardiac G0S2 during fasting/refeeding suggests that it 
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IVSd ( participates in the instant down-regulation of lipolysis in cardiomyocytes upon food intake. This may prevent cardiac "lipotoxicity" at times of postprandial substrate overload. To assess whether overexpression or absence of G0S2 affects cardiac lipid metabolism and function, we characterized "extreme" G0s2 genotypes, i.e. heart-specific transgenic as well as global knock-out mouse lines. Consistent with a functional role as ATGL inhibitor, heart-specific overexpression of G0S2 resulted in massive cardiac steatosis. The extent of TAG accumulation resembled the one observed in mouse models lacking ATGL or CGI-58 (15, 23) . The increase in cardiac TAG stores was associated with decreased TAG hydrolase activity in G0s2Tg heart homogenates. Despite a substantial induction of ATGL and CGI-58 protein expression, low lipolytic activities were observed. Co-immunoprecipitation experiments demonstrated a direct interaction between ATGL and G0S2 in G0S2overexpressing hearts, confirming previous findings of an interaction between the enzyme and its inhibitor (24, 29) . Finally, the findings in mice were recapitulated in H9c2 myocytes, which displayed decreased TAG turnover in response to G0S2 overexpression.
Although overexpression of G0S2 in the heart of mice caused severe alterations of cardiac TAG metabolism, loss of G0S2 resulted in a much more benign phenotype. G0s2 Ϫ/Ϫ mice exhibited increased cardiac TAG hydrolase activity and decreased cardiac TAG content. Notably, the difference between G0s2 Ϫ/Ϫ and WT mice was more pronounced in the re-fed than in the fasted period. This finding is consistent with the concept that the induction of cardiac G0S2 expression during the postprandial period represses cardiac lipolysis. This in turn may contribute to a substrate utilization switch from lipid dropletassociated FAs to exogenous FAs or glucose when excessive nutrients become available during the postprandial phase. Consistent with this conclusion, loss of G0S2 in the liver leads to unrestrained lipolysis of hepatic TAG stores and increases hepatic FA utilization (29) . Alternatively, it is possible that the lack of G0S2 in WAT, BAT, or other tissues of G0s2 Ϫ/Ϫ mice provokes changes in cardiac TAG levels. Clarification of the tissue-specific contribution of G0S2 to cardiac TAG metabolism will require the characterization of conditional knock-out mice lacking G0S2 specifically in cardiomyocytes. However, our finding that the differences in cardiac TAG levels are highest in re-fed G0s2 Ϫ/Ϫ as compared with WT mice when WAT lipolysis is shut down in both genotypes argues for a cardiacspecific action of G0S2.
Recent studies closely linked defects in cardiac lipolysis and the resultant accumulation of myocardial TAG to an impairment of cardiac function and a decrease in life span. For example, global or cardiomyocyte-specific loss of ATGL or musclespecific loss of its co-activator CGI-58 triggers a metabolic and structural remodeling of the myocardium, ultimately resulting in severe cardiomyopathy (15, 20, 23) . In contrast, G0s2Tg mice developed essentially no signs of pathologic myocardial remodeling or cardiac dysfunction as reflected by a similar expression of genes commonly associated with cardiac hypertrophy, inflammation, and cardiac stress in G0s2Tg as compared with WT hearts. Importantly, cardiac fibrosis, a hallmark of the myocardial remodeling process in Atgl Ϫ/Ϫ mice, was not observed in G0s2Tg mice. Extensive fibrotic remodeling is associated with increased cardiac stiffness and decreased electro- chemical coupling. Consequently, the lack of cardiac fibrosis in G0s2Tg mice provides a reasonable framework underlying the preserved left ventricular function, which was observed in these animals. It is noteworthy that G0s2Tg hearts exhibited a lower degree of steatosis than Atgl Ϫ/Ϫ mice, suggesting different rates of cardiac TAG turnover in both mouse models. A reasonable explanation might be that residual ATGL activity permits a minimal TAG turnover in G0s2Tg hearts to provide FAs for normal PPAR␣ signaling and mitochondrial function. In support of this, decreased mRNA levels of PPAR␣ (Ppara) and its downstream targets were observed only in Atgl Ϫ/Ϫ but not in G0s2Tg hearts.
Taken together, our data identify G0S2 as a potent modulator of lipolysis in cardiomyocytes. Its transient up-regulation after re-feeding suggests that G0S2 inhibits FA release from endogenous lipid stores. Accordingly, we conclude that G0S2 modulates cardiac fuel selection in response to different nutritional, (patho)physiological, or developmental conditions. 
